of the mouse for studying hair follicle biology but also underscore critical differences between mouse and human stem cell markers. In particular, CD34, which delineates hair follicle stem cells in the mouse, is not expressed by human hair follicle stem cells, while CD200 is expressed by stem cells in both species. Ultimately, this information will assist efforts to develop cell-based and cell-targeted treatments for skin disease.
Advances in stem cell biology have resulted in major clinical benefits. Bone marrow transplantation for treatment of cancers and corneal transplantation for treatment of blindness resulting from chemical burns were both possible because stem cells were identified and isolated from the affected tissues (1, 2). Many disorders of the skin, such as cancer, chronic wounds, skin atrophy and fragility, hirsutism, and alopecia, can be viewed as disorders of adult stem cells. Because stem cells in the epidermis and hair follicle serve as the ultimate source of cells for both of these tissues, understanding the control of their proliferation and differentiation is key to understanding disorders related to disruption in these processes. Furthermore, the isolation, cultivation, and propagation of epithelial stem cells are important for tissue-engineering approaches to treating skin disorders (3). The skin possesses an outer covering produced by the epidermis that protects us from dehydration and from external environmental insults. The outer layer of the hair follicle is contiguous with the epidermis, forming invaginations that, in the case of scalp follicles, penetrate deeply into the fat underlying the skin. Approximately 5 million follicles that are spread over the body generate hair in a cyclical fashion. The duration of anagen (the period of hair growth), which varies from less than 60 to more than several thousand days on different body sites, determines the length of the hair shaft. After anagen, the follicle enters a stage of involution (catagen) and then a stage of rest (telogen), when the hair that was produced is now dead yet remains anchored in the follicle until it is shed during exogen ( Figure 1) .
Eventually, stem cells at the base of the resting follicle, in an area known as the bulge, proliferate and regenerate a new lower follicle including the highly proliferative bulb cells that produce a new hair (Figure 1 ). After giving rise to the new hair-producing cells, the stem cells return to a quiescent state that is a hallmark of these cells. Despite being surrounded by highly proliferating epidermal and hair follicle cells, the cells in the bulge rarely undergo mitosis. The extended state of dormancy is in line with other stem-like characteristics of these cells, including a prolonged lifespan - probably as long as that of the organism. This characteristic is thought to predispose these cells to tumor formation, since their long lifespan allows for accumulation of genetic mutations resulting from environmental insults such as UV irradiation or chemical carcinogens (4) .
Mouse versus human hair follicles
The majority of the previous work on hair follicle stem cells was performed on mouse or rat hair follicles (5-8). However, major differences exist between rodent and human follicles, especially those on the scalp. Human scalp follicles are significantly larger, reaching lengths of 5 mm, compared with mouse pelage follicles, which are only 1 mm long. Rodent vibrissa (whisker) follicles have also been extensively studied. These follicles are larger than pelage follicles but are highly unusual in their structure and cycling capabilities. They are surrounded by cavernous blood-filled sinuses and are innervated by large nerves that track to the brain cortex and are organized into large "barrel fields," each corresponding to one vibrissa follicle. Because the primary purpose of vibrissa follicles is tactile sensation (known as whisking), they do not cycle in the same manner as other follicles. Rather than entering a true resting phase, these follicles only briefly stop proliferating, without regressing, before generating a new hair shaft. The old shaft is retained in the follicle until the new shaft comes in beside it so that the follicle is never devoid of a long hair, and thus the animal maintains its sensory perception. This stands in stark contrast to human follicles, which undergo dramatic shortening, losing up to 80% of their lower volume during catagen, the stage of regression (Figure 1) , and also possess only 1 hair per follicle, while growing for years rather than weeks. Thus, the cellular and molecular characteristics of stem cells in the human follicle could be quite different from those in the rodent.
Identification of stem cells
Putative stem cells in mouse pelage (back skin) and vibrissa follicles were previously identified as quiescent cells in vivo by label-retaining cell (LRC) studies (5) . Bulge cells in the adult mouse were then shown, through genetic labeling studies, to generate all of the cell lineages within the follicle in vivo and after isolation, and thus to function as stem cells (4) . By transplantation of human scalp tissue to immunodeficient mice, LRCs in human follicles were localized to the basal layer of the outer root sheath in the area of the bulge (9) . Because the human bulge is not morphologically apparent, markers were needed for the study of this area. Cytokeratin 15 (K15), an intracellular intermediate filament protein, was identified as one marker preferentially expressed by the human bulge (9) . Ideally, however, cell surface proteins against which antibodies could be raised would be valuable for isolating the human bulge cells, testing their stem cell characteristics, and defining global gene expression patterns important for understanding control mechanisms for stem cell growth and proliferation.
In this issue of the JCI, Ohyama et al. (10) report having defined the bulge area of the human hair follicle using a combination of proliferative characteristics,
Figure 1
Hair follicle cycle. Cyclical changes in hair follicle growth are divided into different stages, referred to as anagen, catagen, telogen, and exogen. Hair follicle stem cells localize to the bulge at the bottom of the permanent follicle at the site of arrector pili muscle attachment. During anagen, rapidly proliferating progenitor cells in the bulb generate the hair and its surrounding inner root sheath. The onset of catagen is marked by cessation of proliferation and apoptosis of the epithelial cells below the bulge. The mesenchymally derived dermal papilla survives catagen and moves upward to abut the lowermost portion of the bulge, which then forms the secondary germ at its base, during telogen. Ill-defined mesenchymal-epithelial interactions likely involving BMP and WNT signaling are thought to signal anagen onset and the generation of the new lower follicle and hair shaft. As the new hair grows in, the old hair is shed during exogen. The duration of each stage varies depending on the type, site, and genetic programming of the follicle.
histological landmarks, and biochemical features. The location of quiescent LRCs in human scalp tissue grafted to immunodeficient mice was compared with the location of attachment of the arrector pili muscle (responsible for "goose bumps" upon contraction), which was identified using antibodies against smooth muscle. The LRCs were found at and above the site of muscle insertion up to the level of the sebaceous gland (Figure 1) . The area containing the LRCs was also positive for K15, in contrast to the remainder of the outer root sheath, which is generally negative for this marker. K15 expression correlates with an immature phenotype within the skin, since it occurs in neonatal but not adult interfollicular epidermal cells (11) , and thus reflects the distinct biochemical makeup of the bulge cells compared with the rest of the epidermis and hair follicle.
Searching for stem cell genes
Defining gene expression patterns that control the quiescent, noncycling nature of hair follicle stem cells is a major goal in epithelial stem cell biology, since it could lead to a better understanding of the abnormal proliferation that these cells undergo in the development of skin cancer (4) . In addition, elucidation of genes involved in hair follicle stem cell proliferation and self-renewal may provide insights into alopecia and abnormal wound healing, since bulge cells are important for hair growth and normal wound healing (12) . In order to identify genes related to the stem cell phenotype, Ohyama et al. (10) compared microarray gene expression profiles of bulge cells with those of other closely related cell populations within the hair follicle. Unlike in many other microarray studies in which heterogeneous mixtures of cell types were used to generate mRNA, the use of laser capture microdissection, in which individual cells or groups of cells are dissected out under a microscope from tissue sections on a glass slide and captured using a laser, permitted isolation of a specific population of mRNA highly enriched for messages found in stem cells. Ohyama et al. discovered the presence of many of the same differentially expressed genes in the human bulge cells that were previously described in mouse bulge cells (4, 8) ; however, several key differences between the mouse and the human data were noted (Table 1 ). In particular, CD34, which is an excellent bulge cell marker in the mouse (13), is not present on human bulge cells. Rather, CD34 is expressed in slightly more differentiated outer root sheath cells below the bulge in the human follicle; therefore, antibodies against CD34 cannot be used to isolate human hair follicle stem cells. To circumvent this problem, Ohyama et al. (10) identified a panel of bulge stem cell surface markers, including some previously identified in the mouse (e.g., CD200; ref. 4) . Using a combination of antibodies against these markers as well as negative markers for nonbulge cells, human hair follicle stem cells were successfully isolated and then propagated in culture, a feat that is a prerequisite to using these cells for tissue-engineering purposes and that up to now has been technically impossible (3) .
Outside influences
The stem cell microenvironment or niche in the bulge appears to possess potent signals for maintaining stem cells in an undifferentiated state. In addition to epithelial stem cells, the bulge also contains other stem cell types, including melanocyte stem cells (14) . That the stem cell niche is a unique microenvironment is supported by several lines of evidence. Interestingly, after an injury to the bulge cells causes apoptosis, the bulge can be repopulated by cells that are slightly more differentiated and reside at the base of the follicle, called the secondary germ (15) . Presumably this is a function of the microenvironment in an effort to maintain the integrity of the bulge area by actually inducing cells that are direct descendents of stem cells to revert to a stem cell phenotype. Furthermore, the power of the niche evidently may instruct bone marrow-derived dendritic APCs to remain relatively undifferentiated (16) , and even influence mast cells to remain in a precursor state (17) .
The findings reported by Ohyama et al. (10) suggest that CD200 is an important regulator of the immune-privileged state of the hair follicle. This is in line with a previous study demonstrating that CD200 inhibits autoimmune inflammation in the hair follicle (18) . This suggests that certain types of alopecia, such as lichen planopilaris, discoid lupus erythematosus, alopecia areata, and even androgenetic alopecia, with which inflammation appears to be associated, eventually could be treated with strategies aimed at augmenting CD200 expression.
The use of mouse models for studying human biology has been validated by these studies, with the caveat that findings from mouse and other animal models require confirmation in human systems. Because Ohyama et al.'s findings (10) are derived directly from human tissue, the significance of this line of research is greatly enhanced. By defining unique sets of cell surface markers for adult stem cells and other cell populations within the human follicle, investigators can now readily extract and study very specific follicular cell types for their ability to regenerate hair and skin, with the hope of developing novel methods for treating skin and hair disease. Human and mouse bulge cells preferentially express many of the same genes, but critical differences were also discovered, as reported in this issue of the JCI by Ohyama et al. (10) . In general, inhibitors of the WNT pathway, which is important for hair follicle cycling and differentiation, are increased. ID2, a gene previously associated with relatively undifferentiated cells, is upregulated in both species. Surprisingly, CD34, which is a specific bulge cell marker in the mouse, is lacking in human follicle stem cells. FOLLISTATIN and DIO2 are both in human but not mouse hair follicle bulge cells, and this may indicate their possible roles as mediators of hormonal pathways.
